Under the neutral theory genetic diversity is expected to be a simple function of population size. However, comparative studies have consistently failed to find any strong correlation between measures of census population size and genetic diversity. Instead, a recent comparative study across several animal phyla identified propagule size as the strongest predictor of genetic diversity, suggesting that r-strategists that produce many offspring but invest little in each, have greater long-term effective population sizes. We present a comparison of genome-wide levels of genetic diversity across 38 species of European butterflies (Papilionoidea). We show that across butterflies, genetic diversity varies over an order of magnitude and that this variation cannot be explained by differences in abundance, fecundity, host plant use or geographic range. Instead, we find that genetic diversity is negatively correlated with body size and positively with the length of the genetic map. This suggests that variation in genetic diversity is determined both by fluctuation in N e and the effect of selection on linked neutral sites.
Introduction
The genetic diversity segregating within a species is a central quantity; it determines the evolutionary potential of a species, and is, in turn, the outcome of its selective and demographic past. Under the neutral theory [1] genetic diversity is expected to be proportional to the product of the effective population size, N e , and the per-generation mutation rate, µ [2] (assuming an infinite sites mutation model). Given that census population size varies widely across the tree of life, much of the variation in genetic diversity between species should be due to differences in census size. In actuality, correlates of census size, such as geographic range, have repeatedly been found to be poor predictors of genetic diversity [3, 4, 5, 6] . In addition, genetic diversity seems to vary remarkably little overall given the wide range of population sizes seen in nature. While the finite number of sites in the genome puts a hard upper bound on the levels of genetic diversity that are possible [7] , neutral genetic diversity in natural populations 1/25 generally remains well below this. This observation, known as Lewontin's paradox [5] , has baffled evolutionary biologists for over half a century.
Proposed solutions to the paradox are generally of two types; the first seeks to explain why there may be a negative relationship between N e and µ [8] , and the second why N e should show such little variation between species [9] . Given the constraints on µ and the difficulty in obtaining direct estimates, recent comparative studies have focused on identifying life-history factors which determine and constrain variation in long term N e and hence genetic diversity [10] . In particular, Romiguier et al. [4] and Chen et al. [11] have uncovered a striking correlation between reproductive strategy and genetic diversity across the animal kingdom: species that are short-lived and invest little into many offspring (r-strategists) tend to have higher genetic diversity than long-lived species with few offspring and large parental investment (K-strategists). One explanation for this result is that K-strategists are able to avoid extinction at low population sizes while r-strategists require much larger populations to do so, and thus the reproductive strategy of a species will greatly effect its long-term N e .
An alternative (but not mutually exclusive) explanation for the narrow range of genetic diversity observed in nature, is that natural selection continuously removes neutral diversity linked to either beneficial [9] or deleterious variants [12] . Because the efficacy of selection depends on N e s, selection is expected to be more efficient and therefore remove more neutral linked sites in species with large N e . Recently, Corbett-Detig et al. [13] have shown that the proportional reduction of neutral diversity due to selection at linked sites does indeed correlate with measures of census size such as geographic range and (negatively) with body size. While Corbett-Detig et al. [13] argue that this can explain "... why neutral diversity does not scale as expected with census size", a reanalysis of their data [14] concludes that the effect of linked selection on neutral diversity is too small to provide a general explanation for the narrow range of genetic diversity seen in nature. Thus, while recent comparative studies have identified major life history correlates of genetic diversity across the tree of life, and have found support for the idea that selection reduces genetic diversity at linked neutral sites, several questions remain open: What determines variation in genetic diversity across species with similar life-history strategies? Can we identify life history traits other than fecundity that determine a species' resilience against environmental fluctuations and so correlate with genetic diversity? Does linked selection merely constrain genetic diversity or can it explain variation?
Here we address these questions using butterflies (Papilionoidea) as a model system. Papilionoidea share a common ancestor approximately 119 million years ago (MYA) [15] , and are characterised as 'r strategists' given their short life span and high fecundity [16] . Butterflies, in particular European species, which we focus on, are arguably the best studied group of insects. Thanks to centuries of study by scientists, amateur naturalists, and numerous recording schemes, butterfly taxonomy, geographic ranges and life-histories are known in great detail. While butterflies exhibit comparatively little variation in life-history strategy, one may still expect fecundity traits (e.g. relative egg size and voltinism, i.e. the number of generations per year) to predict genetic diversity given the large effect of fecundity on genetic diversity across animals [4] . Alternatively, if robustness to fluctuations in population size is the ultimate determinant of genetic diversity -as Romiguier et al. argue [4] -one would expect other life history traits to correlate with genetic diversity. In particular, more specialized species may have avoided extinction in spite of small census sizes and thus have reduced long-term N e . While niche breadth is difficult to quantify for many taxa and so has not been considered in comparative analyses of genetic diversity so far, accurate data for the number of larval host plants (LHP) exist for European butterflies.
We estimated genetic diversity from de novo transcriptome data for 38 butterfly species (sampling two individuals in each, Supplementary Data 1) and compiled estimates of census size (which we estimated as the product of abundance and geographic range), body size, reproductive output (voltinism and relative egg volume) and the number of LHPs from the literature (Supplementary Data 2, see Methods) . Additionally, we tested whether genome size and recombination rate affect genetic diversity. In the absence of detailed recombination maps, we use the number of chromosomes as a proxy for the length of the genetic map. This assumes one cross-over per chromosome and male generation on average (meiosis in female butterflies is achiasmatic), and is supported by linkage maps [17] .
To investigate what determines genetic diversity in butterflies, we estimated the effect of seven potential traits (census size, body size, voltinism, relative egg volume, LHP breadth, genome size and chromosome number) on average pairwise nucleotide diversity [18] in a generalized linear mixed model (see Methods for details). For simplicity, we restricted the estimation of synonymous diversity to fourfold degenerate sites, as these genic sites are the least constrained by selection (π 4D ). Conversely, non-synonymous diversity was estimated at zero-fold degenerate sites (π 0D ), i.e. sites were any nucleotide change leads to an amino acid difference. Our rational for modelling π 4D and π 0D jointly was to better understand the nature of the underlying forces at the population level: theory on linked selection predicts that any correlate of neutral genetic diversity (π 4D ) that increases N e in the absence of selection should also correlate with non-synonymous diversity (π 0D ), but do so less strongly [19] . This is because the increase in diversity due to reduced genetic drift is counteracted by the removal of diversity due to more efficient selection. We would therefore expect a weaker correlation for sites that are directly affected by selection than for neutral, linked sites. In contrast, any trait that affects non-synonymous genetic diversity (π 0D ) via the absolute strength of selection (i.e. affect s but not N e ) should be more strongly correlated with diversity at non-synonymous sites (π 0D ) than synonymous sites (π 4D ), which are only indirectly affected.
Results

Neutral diversity varies over an order of magnitude across butterflies
Genetic diversity was estimated for 38 species of European butterfly from five families: Papilionidae, Hesperiidae, Pieridae, Lycaenidae, Nymphalidae ( Fig. 1 ). For 33 species, we generated and de novo assembled short read RNA-seq data for two individuals, and for five species we downloaded raw RNA-seq reads from a previous study [4] (Supplementary Data 3). We called variants for each species by mapping reads back to reference transcriptomes. Only transcripts present in a set of 1314 single-copy orthologues, which we identified from the 33 transcriptomes with high completeness (BUSCO scores 96.3 -98.4%, Fig. S1 ), contributed to estimates of genetic diversity.
Mean neutral genetic diversity across this set of butterfly species (π 4D = 0.0173) is typical of insects [3, 13, 11] . Neutral genetic diversity (π 4D ) varies over an order of magnitude: from 0.0044 in Pieris brassicae, the cabbage white, to 0.0423 in Spialia sertorius, the red-underwinged skipper ( Fig. 1) . Assuming neutrality and a per site and generation spontaneous mutation rate of µ = 2.9 × 10 −9 [20] , this range corresponds to an N e on the order of 10 5 to 10 6 individuals. As expected, given that closely related species tend to have similar levels of genetic diversity, this range is much lower than that across distantly related animal taxa [4, 11] . In contrast to Romiguier et al. [4] whom -sampling across the entire animal kingdom -found that species in the same taxonomic family have similar genetic diversity, we observed no significant family effect in butterflies (ANOVA, F 4,33 = 2.071, p = 0.107). More generally, phylogeny was a poor 3/25 predictor of neutral genetic diversity in butterflies (n = 38, Pagel's = 5.8 * 10 −5 , p = 1.000, assuming that π 4D evolves randomly, Fig. 1 ).
Fig 1.
Neutral genetic diversity (π 4D ) across European butterfly species. The phylogeny is based on 218 single-copy orthologues and rooted with the silkmoth Bombyx mori as an outgroup. All nodes have 100% bootstrap support unless marked with an asterisk (70-99%).
The barplot on the right shows genome-wide estimates of π 4D for 38 focal species sampled from the six major clades of Papilionoidea present in Europe. The phylogeny explains very little of the variation in π 4D in butterflies.
Estimates of non-synonymous diversity and the efficacy of selection
Since selection will purge (or fix) mutations at non-synonymous sites [12, 21] , we expect diversity at these sites to be greatly reduced compared to synonymous sites. The efficacy of selection, which is determined by N e and the distribution of fitness effects (DFE) of mutations is inversely proportional to π 0D /π 4D [19] . Under the nearly neutral theory [22] and assuming a gamma distribution for the DFE, the slope of the negative linear relationship between ln(π 0D /π 4D ) and ln(π 4D ) is proportional to the β shape parameter [19] . Within this set of butterfly species π 0D and π 4D typically differed by an order of magnitude and, unsurprisingly, were strongly correlated (Pearson's correlation, d.f. = 36, r = −0.8779, p = 4.6 * 10 −13 ). The slope of the relationship between ln(π 0D /π 4D ) and ln(π 4D ) ( Fig. S2 ) would imply a substantial fraction of weakly deleterious mutations (β = 0.44) which is higher than the estimates for Heliconius species (0.08 -0.28) [11] but compatible with previous estimates of the DFE for Drosophila miranda obtained from inferences based on the site frequency spectrum [23] .
Nuclear and mitochondrial diversity are uncorrelated
Mitochondrial (mt) genes are an easily accessible source of variation data and have been extensively used to infer the phylogeographic history of species and populations in Europe [24, 25] . However, it is becoming increasingly clear that mt diversity largely reflects selective processes [26] and variation in mt mutation rates rather than rates of genetic drift [27, 28] . Several comparative studies have shown that mt diversity is uncorrelated with measures of abundance and nuclear diversity [29, 27, 28] . We find that across European butterflies mt diversity at the COI barcode locus (π mt ) is only very weakly and non-significantly correlated with genome-wide neutral diversity π 4D (Pearson's correlation, d.f. = 36 r = 0.1523, p = 0.362) and π 0D (Pearson's correlation, d.f. = 36 r = 0.268, p = 0.104) ( Fig. S3 ).
Census population size, host plant breadth and reproductive strategy are uncorrelated with genetic diversity
We find that census population size is uncorrelated with both π 0D and π 4D (Table S1 ). This suggests that present day ranges and abundance have little to do with long term N e in butterflies. Unlike recent studies which have found that propagule size strongly correlates with neutral genetic diversity across much wider taxonomic scales [4, 11] , we find no significant effect of relative egg size (egg volume / body size) on π 4D (Table S1) . Similarly, voltinism is uncorrelated with π 4D (p M CM C = 0.151, Table S1 ). Although not significant, the trend of polyvoltine taxa having greater π 4D is at least consistent with the idea that r-strategists have larger long-term N e [4] . We find that the larval hosts plant (LHP) breadth has no significant effect on π 4D or π 0D (Table S1 ). This is true regardless of whether we classify species as monophagous if all LHPs are within one family (and polyphagous otherwise) or instead consider the number of LHP species as a predictor ( Fig. S4 ).
Only one trait, body size, is significantly and negatively correlated with π 4D (p M CM C < 0.005, Table 1 , Fig. 2A ): smaller butterfly species tend to have higher genetic diversity. As predicted for correlates of long term N e , the effect is weaker for π 0D (Table 1 ) than π 4D . We can express the effects of body size on ln(π 4D ) and ln(π 0D ) in terms of ln(π 0D /π 4D ). This ratio is weakly and positively correlated with body size (posterior mean = 0.123, p M CM C = 0.049), suggesting that selection is more efficient in smaller species.
Chromosome number, but not genome size, correlates with genetic diversity
We find that chromosome number correlates positively and significantly with π 4D (p M CM C < 0.005, Table 1 , Fig. 2B ). In contrast, genome size, i.e. the physical length of the genome (estimated using flow cytometry, see Methods), is uncorrelated with π 4D (Table S1 ). Assuming that the number of genes (and other potential targets of selection) is more or less constant and independent of genome size across butterflies, the finding that neutral diversity only depends on the length of the genetic map but not the physical length of the genome is entirely consistent with population genetic predictions for the effects of linked selection [9, 30] : the aggregate effect of selection on linked sites is expected to be a function only of the density of selective targets on the genetic map but independent of the physical length [9, 12, 21] .
Pleistocene bottlenecks and demography
Genetic diversity in many European taxa has been shaped by the cycles of isolation into and range expansion out of glacial refugia during the Pleistocene [24, 25, 31] . While we have sought to minimize the effects of Pleistocene history by focusing sampling on a single Pleistocene refugium, Iberia, our inferences could be confounded in at least two ways: Firstly, rather than being solely driven by long term N e , variation in genetic diversity in Iberia may be affected by gene flow from other refugia [32] or even species [33] . Secondly, even if Iberian populations are little affected by admixture, they may have undergone drastic (and potentially different) changes in N e in response to past climatic events. Population bottlenecks affect π, but correspond to a sudden burst in coalescence without any change in the long term rate [34] . Population bottlenecks would also affect our interpretation of π 0D /π 4D as a measure of the efficacy of selection: after a bottleneck π 0D recovers more quickly than π 4D . We therefore expect taxa that have undergone recent changes in N e to fall above the line in ln(π 4D ) vs ln(π 0 /π 4D ) correlation ( Fig. S2 ). While modelling demography from transcriptome data is challenging, the distribution of heterozygous sites in a single diploid individual contains information about past demography. In particular, extreme bottlenecks or a rapidly expanding populations should lead to strongly correlated pairwise coalescence times. Considering a fixed length of sequence, we expect the number of heterozygous sites S to be Poisson distributed whereas intermediate bottlenecks result in multimodal distribution of S with an increased variance relative to a constant sized population [35] . However, the majority of species show a unimodal, long tailed distribution of S, more akin to that expected for a population of constant N e than the limiting case of an extremely bottlenecked (or rapidly expanding) population. In fact, only seven species have a higher variance in S than expected for population of constant size (Fig. S6, Fig. S7 ).
Robustness to population structure
The relationship between genetic diversity and population size predicted by the neutral theory assumes a randomly mating population at mutation-drift equilibrium. Since population structure is ubiquitous, an obvious question is to what extent our findings are confounded by differences in population structure across species. For example, it is plausible that the correlation between body size and diversity is simply a consequence of the reduced dispersal ability in smaller species. However, if this were the case, we would expect genetic differentiation to also correlate with body size. We find no evidence for this: differentiation between individuals sampled >500 km apart is low overall (median F IT = 0.019) and uncorrelated with body size (p = 0.804) ( Fig. S5 ). Furthermore, the effect of body size on genetic diversity remains essentially unchanged if we estimate π 4D and π 0D within rather than between individuals. Increased population structure in smaller species can therefore not explain the negative relationship between genetic diversity and body size.
However, our dataset does include a handful of species with notably high F IT within Iberia, such as the Marsh Fritillary Euphydryas aurinia and the Pearly Heath Coenonympha arcania (F IT = 0.281 and 0.122, respectively). Interestingly, both species fall above the line of best fit in Fig. S2 suggesting that selection is less efficient globally (i.e. ln(π 0D /π 4D ) is higher), presumably due to the presence of different locally adapted subspecies or populations. In contrast, the migratory species Vanessa atalanta is an outlier in the opposite direction and has lower diversity at non-synonymous sites (π 0D ) than expected given its neutral diversity (π 4D ) (Fig. S2 ).
Discussion
We show that neutral genetic diversity in European butterflies varies over an order of magnitude and that this variation is uncorrelated with both current abundance and 7/25
several key life-history traits. In particular, and in contrast to previous studies on larger taxonomic scales [4, 11] , we do not find any relationship between propagule size or longevity and genetic diversity. We also find little support for the idea that generalist species have larger long term N e and hence greater levels of genetic diversity. Instead, body size and chromosome number were the only significant correlates of neutral genetic diversity and, together, explain 42% of the variation in diversity across European butterflies. Romiguier et al. [4] have also found a significant negative correlation between body size and genetic diversity and have argued that carrying capacities are higher for smaller species, i.e. more individuals can be supported by the same finite resources, all else being equal. Alternatively, larger butterfly species may be less likely to reach carrying capacities due to other factors such as heightened predation. Either way, this relationship is not exclusive to butterflies, and has been found in mammals [36] and across animals [4] more widely.
The positive correlation between chromosome number and genetic diversity is an expected consequence of linked selection and mirrors the ubiquitous intraspecific correlation between genetic diversity and recombination rate [37, 38] . However, unlike previous comparative studies which have shown that linked selection merely constrains variation in genetic diversity [13] , our results demonstrate that linked selection can explain variation in genetic diversity between taxa that differ in the length of the genetic map.
Niche breadth
The lack of any correlation between estimates of census size and π 4D we find mirrors results of previous studies [4, 3, 6, 5] and suggests that current abundance is unlikely to reflect long term N e in European butterflies. While the distribution of heterozygosity suggests that it is unlikely that variation in genetic diversity across butterflies is due to drastic demographic events during the Pleistocene, very recent demographic changes could explain the weak relationship between estimates of census population size and π 4D . In particular, the low genetic diversity of Pieris brassicae, a pest species with enormous current population sizes, is compatible with a rapid expansion which may have been too recent to leave much signal in the data: V ar[S] is not particularly low for P. brassicae (5.67 compared to the mean among species of 4.85). Interestingly, analysis of RAD-seq data from the closely related species P. rapae suggests a population expansion ≈ 20,000 yBP (shortly after the last glacial maximum) followed by divergence into subspecies 1200 yBP when Brassica cultivation intensified [39] . It is therefore possible that, by contrast, the ancestral P. brassicae population remained small after the glacial maximum and only expanded as recently as ≈ 1200 yBP.
If variation in carrying capacity shapes genetic diversity in butterflies, it is perhaps surprising that niche breadth (the number of LHPs) is uncorrelated with π 4D . However, given that LHPs vary drastically in geographic range and density, the number of LHPs may be a very crude predictor of a species long-term census size: a species with a single LHP may have very large populations if its host is widespread. Conversely, a generalist may have low long-term N e due to other biotic factors. For example, C. argiolus one of the most widespread and generalist (> 100 LHPs) species in our set has relatively low neutral genetic diversity (π 4D = 0.0095).
There are several potential life history traits that might have large effects on long term N e which we have not considered: in particular, how (in what life-cycle stage) and where species hibernate, the rate of parasitoid attack and the degree of migratory versus sedentary behaviour. Exploring whether these correlate with genetic diversity will require larger sets of taxa.
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The evolution of chromosome number and genome size
We have so far assumed that chromosome number is simply a proxy of the genetic map length and affects genetic diversity by modulating the action of linked selection. However, what is cause and effect is far from clear and chromosome number may itself depend on the efficacy of selection. Recently Hill et al. [40] found that chromosomes in Pieris napi are derived from multiple ancestral syntenic blocks, suggesting a series of fission events that was followed by the creation of a novel chromosome organisation through fusions. Because P. napi returned to a karyotype close to the ancestral n c = 31 of butterflies, there appears to be some selective advantage in organising the genome this way, and chromosome rearrangements that produce karyotypes distant from n c = 31 may only be tolerated when N e s < 1. Thus, an alternative explanation for the positive correlation between chromosome number and genetic diversity we find could be that species with low N e are unable to purge mildly deleterious syntenic changes, such as fusions, which drift to fixation. The fact that the chromosome number effect is largely driven by the two species with the fewest chromosomes (Pieris brassicae, n c = 15, and Melanargia ines, n c = 13) which must have undergone relatively recent chromosomal fusions (given that in both cases relatives in the same genus have higher n c ) would be consistent with this. However, we find that removing both species, a positive (albeit non-significant) correlation between chromosome number and π 4D remains (MCMCglmm, posterior mean = 0.284, p M CM C = 0.128). As no species within our dataset has n c >> 31, we cannot test whether the relationship between genetic diversity and chromosome number is quadratic, and thus consistent with a model where reduced N e may lead to both increases or decreases in n c . Interestingly, species in the genus Leptidea, which have undergone very drastic and recent changes in chromosome numbers (n c ranges between 26 and 120 [41] ), appear to have very low genome-wide diversity (π across all site between 0.0011 and 0.0038) [42] which is consistent with the idea that extreme karyotypes arise during periods of low N e .
Lynch & Conery [43] have put forward an analogous argument for the evolution of genome sizes which would be expected to increase in populations with low N e because inefficient selection may allow transposable element proliferation and intron expansion. We find no support for any relationship between genome size and neutral diversity in butterflies. Instead our analyses clearly show that genome size evolves slowly and has significant phylogenetic signal across the butterflies (n = 37, Pagel's λ = 1.000, p = 6.1 * 10 −7 ) whereas variation in genetic diversity has little phylogenetic structure ( Fig. 1) .
How well is genetic diversity predicted from body size and recombination rate?
Body size and chromosome number together explain 42% of the variation in genetic diversity across European butterflies (Fig. 2) . We have assumed linear relationships between these predictors and genetic diversity without paying any attention to the causative forces at the population level. An alternative, population genetics approach is to model linked selection mechanistically. To gain some insight into the effects background selection (BGS) [21, 12] and recurrent selective sweeps have on genome-wide neutral diversity sites linked sites [9, 44, 30] , we consider the approximation by Coop (2016) [45, eq. 20 ]
, where π 0 = 4N 0 µ is the genetic diversity in the absence of selection, J is the probability of a sweep-induced pairwise coalescence event and ν r is the relative rate of 9/25 sweeps and recombination (for details see [46, 14] ). A simple approximation for the effect of BGS is B(r) = exp −U/r [12, 47] , where U is the per base rate of deleterious mutations. Thus both the effects of BGS and positive selection depend on the ratio of mutational input over recombination. We can scale the rates of deleterious mutations and selective sweeps per genome (rather than per bp): assuming that the number of selective targets is fixed across species, the terms for BGS and positive selection become simple functions of the genetic map length, i.e. the number of chromosome (n c ): ν/r ≈ 2ν T /n c and B(r) ≈ e −2U T /nc , where ν T and U T are the total number of selective sweeps and deleterious mutations respectively. Note that we assume on average half a crossover event per chromosome given the absence of recombination in female Lepidoptera. One immediate conclusion that can be drawn from the above is that given the large number of chromosomes in butterflies (15 ≤ n c ≤ 31) BGS can only have a negligible effects on neutral diversity: even if we assume an extreme rate of U T = 1 deleterious mutation per genome, the reduction in diversity due to BGS B(r) only ranges between 0.94 and 0.97 in our dataset.
Furthermore, we can use eq. 1 to ask what selective parameters best fit the observed variation in π 4D . Assuming that i) N 0 depends linearly on body size, ii) a spontaneous mutation rate of µ = 2.9 × 10 −9 [20] , and iii) J = 10 −4 , we can co-estimate both the correlation between N 0 and body size and the rate of sweeps per generation (by minimizing the sum of squared differences between observed and predicted π 4D across species ( Supplementary Data 4) . Given these assumptions, the best fitting regime of linked selection involves extremely frequent directional selection, i.e. ν T ≈ 0.028, about one sweep every 35 generations. While this approximate model of linked selection only fits marginally better than the linear model assumed by MCMCglmm (the sum of least squares between the observed set of π 4D estimates and the expected values is 0.00226 and S = 0.00228 respectively), the latter predicts a much narrower range of π 4D than is observed (Fig. S8) . Thus, the above "back-of the envelope calculation" agrees with the analysis of Coop [14] in showing that at approximate models of linked linked selection provides a poor fit to the observed variation in genetic diversity.
Outlook
While we have only considered a small number of life-history traits and genomic parameters and have modelled neither linked selection nor demography explicitly, it is encouraging that we have identified two simple determinants, which together explain a substantial fraction of the variance in genetic diversity across butterflies. It is clear however, that a more complete understanding of the processes that shape genetic diversity and how these correlate with life-history will require modelling both the demographic and the selective past [48] explicitly. For example, a previous comparative study based on whole genome data reconstructed the directional histories of divergence and admixture between refugial populations for a different guild of insects [32] and found a trend of refugial population being younger in specialist species. An important next step is to include models of selection and its effects on linked sequence in such inferences. Given sufficiently large samples of taxa, one can then tease apart life history traits that affect genetic diversity via demographic parameters (N e in the absence of selection, gene flow between populations) from those that determine the strength of selection itself. Rather than focusing on pairwise π, the most drastic summary of genetic variation, such inferences will require methods that make use of the detailed information contained in genomic data. Another important source of information, which has been exploited by Corbett-Detig et al. [13] but is currently unavailable for most taxa are direct estimates of the recombination map. Given the detailed knowledge of their taxonomy, ecology, geographic range and their relatively compact genomes, butterflies are perhaps the best test case for attempting a reconstruction of the evolutionary process that would resolve Lewontin's paradox.
Methods and Materials
Sampling and sequencing Butterflies were hand-netted at various locations across four regions in Iberia (Southern Portugal, Northern Portugal, Catalonia and Asturias, Supplementary Data 1) , frozen alive in a liquid nitrogen dry shipper and stored at -80°C. Two individuals per species were selected for RNA extraction and sequencing. Each species was represented by one female and one male individual when possible. Species identities were confirmed by amplifying and sequencing the standard mitochondrial barcode (a 658-bp fragment of COI, primers LepF and LepR [31] ) and comparison against a reference database for Iberian butterflies [31] in the following species: Carcharodus alcae, Coenonympha arcania, Euphydryas aurinia, Melitaea deione Thymelicus acteon and T. sylvestris.
RNA was extracted using a TRIzol (Ambion) protocol according to the manufacturer's instructions. TruSeq stranded polyA-selected RNA libraries were prepared by Edinburgh Genomics and strand specific 75b paired-end reads were generated on a HiSeq4000 Illumina instrument. RNA-seq datasets for Melitaea athalia, M. cinxia, M. didyma, M. parthenoides, and Thymelicus lineola -previously analysed in [4] -were retrieved from the European Nucleotide Archive (ENA).
Data QC and de novo transcriptome assembly
Raw read quality was evaluated using FastQC v0.11.7 [49] and visualised with MultiQC v1.5a [50] . Illumina adapters were removed and reads trimmed using Trimmomatic [51] (under default parameters) and only reads of length ≥25b were retained. Transcriptomes were assembled de novo from both individuals of each species with Trinity [52] and are deposited at the XXX database. Assembly completeness was assessed using BUSCO v3.0.2 [53] together with the Insecta database insectodb9 (1658 single copy orthologues from 42 insect species) as a reference (Fig. S1, Supplementary Data 3 ).
Variant calling
Protein coding transcripts were identified using Transdecoder [54] , BLAST [55] and HMMER [56] .
Transdecoder was used to find open reading frames (ORFs) within transcripts, while homology searches were done using BLAST and HMMER to identify transcripts containing known sequences and domains. Finally, the predict function in Transdecoder was used to score likely protein coding transcripts based on ORF presence and homology. For each species, reads of both individuals were separately mapped to the longest isoforms of complete proteins using BWA MEM [57] . Loci which were suitable for variant calling were selected using the callable loci function in GATK [58] . We selected sites with a read depth ≥ 10 and MQ ≥ 1. Callable loci were intersected between individuals using BEDTools [59] , removing sites that were not expressed by both individuals in each species. Variants were called using Freebayes [60] , and only retained if supported by more than three reads, with the variant being found in both the 3' and 5' end of reads, as well as in both forward and reverse reads. Excluded variants were masked for downstream analysis, and so did not contribute to the total length or variant count.
Estimating genetic diversity
Protein clustering using Orthofinder [61] revealed 1314 single copy orthologue clusters in the 33 transcriptomes with high completeness BUSCO scores 96.3 -98.4%). Only the transcripts corresponding to these proteins were used to estimate π in each species transcriptome. To minimize the confounding effect of population structure (and inbreeding) we calculated π b , i.e. the genetic diversity between the two individuals sampled for each species (analogous to d XY ):
(n A + n B + n AB )/2 + n f ix ntot where n A , n B are the numbers heterozygous sites unique to individual A and B, and n AB is the count of shared heterozygous sites and n f ix is the number of fixed differences. Calculations were carried out separately for four-fold degenerate (π 4D ) and zero-fold degenerate (π 0D ) sites using the script bob.py deposited at www.github.com/DRL/mackintosh2019.
Mitochondrial π was calculated for the COI barcode locus using sequences retrieved from the BOLD systems database [62] . Alignments of 658bp for each species were produced in Bioedit [63] using CLUSTAL-W [64] and manual inspection. Mean pairwise π of each alignment was calculated in MEGA7 [65] .
Phylogeny reconstruction
Single-copy orthologous proteins present in all transcriptome assemblies -as well as the genome of the silkmoth Bombyx mori -were identified with Orthofinder. The resulting 218 protein sequences were concatenated for each species, aligned using MAFFT [66] , and trimmed using trimAl [67] . The final alignment contained 59747 amino acid sites, 22429 of which were informative for phylogenetic inference. We conducted 20 maximum likelihood (ML) tree searches, using the substitution model PROTGTR+GAMMA, with RAxML [68] . To assess confidence in the ML tree, non-parametric bootstrap values were obtained from 100 replicates.
Statistical analysis
Phylogenetic mixed models were constructed using the R package MCMCglmm [69] . Models were bivariate, that is, included two responses, ln(π 4D ) and ln(π 0D ), which were assumed to covary and follow a Gaussian distribution. Only the 32 species with data for all seven predictors were included.
Fixed effects were z-transformed when continuous so that estimated effect sizes were comparable for a given response. Phylogeny was included in the model as a random effect based on the inverse matrix of branch lengths in the maximum likelihood species phylogeny (Fig. 1) . We assumed the following parameter expanded priors for the random effect (G) and the residual variance (R): , where V is the variance matrix, ν the degree of belief, αV the covariance matrix, and αµ the prior mean. A maximal model, containing all seven predictors as fixed effects, was constructed and then simplified by backwards elimination of predictors. The minimal model therefore only contains predictors with a significant (α ≤ 0.05) effect.
Estimating genome size by flow cytometry
To estimate the size of the genome for each species we followed the protocol outlined by [70] , with some minor modifications. In short, head tissue of butterflies (frozen fresh and preserved at -80°C) were ground in Gailbraith's buffer and filtered through a 40 µm mesh, resulting in a suspension of free nuclei with minimal cell debris. The solution was centrifuged at 2000rpm for 1 minute, then the pellet of nuclei was resuspended in 300µl propidium idodide (50µg/ml; Sigma-Aldrich) and RNAse A (100µg/ml; Sigma-Alrich) for staining and removal of RNA. After 1-2 hours, fluorescence was measured using a BD LSR Fortessa running Diva v8.0.1. DNA content of cells were evaluated by propidium iodide binding using a 561nm excitation laser and fluorescence emission at 600-630nm. Each butterfly sample was measured alongside a sample of female Drosophila melanogaster (Oregon-R strain, genome size of ≈ 175 Mb [71] ) to establish a reference genome position. Single nuclei were identified by plotting area versus width for the DNA labelling with 5-50k positive nuclei recorded. For analysis, G0/1 peaks were gated for both the D. melanogaster and butterfly cells and relative intensities were then used to determine the genome size of the butterfly species using FlowJo v9.6 (TreeStar).
Life-history, karyotype and geographic range data
Current census sizes were estimated as the product of geographic range and density. All species in this study can be found in the region of Catalonia, Spain, where butterfly monitoring has been taking place since 1994 [72] . Density estimates were calculated as the mean number of individuals of each species seen per transect where that species is found, per year. The area range of each species was estimated from GBIF occurrence data [73] . The R package rbgif was used to retrieve occurrence recordshuman observations with complete latitude and longitude information -for each species (Chamberlain et al. 2017). Convex polygon areas (km 2 ) were calculated using the function eoo in the R package red [74] . For species with large ranges, this was done separately for each land mass (to avoid including large bodies of water).
A list of larval host plants (LHP) for each species was compiled from [75] and HOST database [76] . Species were characterised as monophagous when LHPs were limited to one family or polyphagous when LHPs represented multiple families. Mean forewing length (across at least ten individuals per sex) reported in [77] was used as a proxy for adult body size. The mean between sexes was used for statistical analysis. Estimates of egg volume were retrieved from [78] , haploid chromosome number from [77] and information on voltinism from [75] . Since the number of generations can vary within species, we only classified species as monovoltine if they had strictly one generation per year throughout their European range and polyvoltine if otherwise. In species with variable chromosome numbers, the mean was used for statistical analyses. All data can be found in Supplementary Data 2. Table S1 . Posterior mean estimates of linear correlates of genetic diversity at synonymous (π 4D ) and non-synonymous (π 0D ) sites inferred under a maximal model. For discrete predictors (LHP breadth and voltinism) the level of the factor described in the tabel is indicated in backets Fig S1. Completeness of transcriptomes assemblies were assessed using BUSCO scores. Transcriptomes assembled de novo as part of this study are shown in green, assemblies based on data from [4] in orange. Fig S2. The log-log negative relationship between genetic diversity (ln(π 4D )) and selection efficacy (ln(π 0D /π 4D )) is shown, where the slope of -0.44 corresponds to the β parameter of the DFE. Species with high genetic differentiation (F IT ) fall above the line of best fit, i.e. they have less efficient selection than expected. Fig S3. Mitochondrial diversity at the CO1 locus is essentially uncorrrelated with nuclear diversity both at synonymous (π 4D , left) and non-synonymous (π 0D , right) sites.
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Fig S4.
There is no correlation between the number of LHP species a butterfly species uses and its genome-wide genetic diversity. 
